We demonstrate controllable light deflection in thick metal gratings with periodic subwavelength slits filled with an active material. Under specific illumination conditions, the grating becomes nearly transparent and acts as a uniform optical phased-array antenna where the phase of the radiating elements is controlled by modifying the index of refraction of the material that fills each slit. The beam-steering operational regime occurs in a wide wavelength band, and it is relatively insensitive to the input angle. proposed. In these schemes diffraction is limited by introducing a periodic arrangement of grooves or corrugations at the exit of an aperture milled in a metallic screen. The far-field directivity of the beam is improved by the grating, which excites a leaky surface plasmon with evanescent decay from the aperture [8] . Weak steering effects in this kind of structure can be induced either thermally or by modulating the operating frequency. In this Letter we propose a beam-steering scheme in which we exploit the peculiar transmission properties of a metal grating having very thin slits to control the amplitude and the phase of a plane wave interacting with the grating. The beam quality and the number of resolvable spots depend mainly on the number of periods of the grating. Metal gratings with subwavelength slits show enhanced transmission for TM polarization under specific illumination conditions. All the extraordinary transmission (ET) regimes [9] of this structure are mediated by the TEM-like modes supported by the metal-insulatormetal waveguide formed by each slit. Wideband enhanced transmission occurs when Fabry-Perot resonances are excited in the slits, whereas narrowband transmission resonances are triggered by surface waves excited on the input/output surfaces at the high-energy edge of the plasmonic bandgap [10].
Inertialess and precise control of light deflection is a challenging problem for many applications, including ladar, target designation, scan imaging, and laser communication. Optical phased arrays [1] use the same beam-forming techniques as their microwave and RF counterparts, by scaling down the design at optical wavelengths. The kernel of a generic phased-array antenna is the imposition of a specific phase profile on an incident wavefront. In phase scanning radar systems [2] , electronically actuated phase shifters are usually employed to feed the radiating elements. In optical phased arrays, the amount of the phase shift is dictated by the refractive index of an active electro-optical material. Many strategies and various materials have been proposed for phase modulation, such as arrays of lithium tantalate modulators [3] , arrays of prisms, lithium niobate elements [4] , integrated optics AlGaAs-based arrays [5] , and nematic liquid crystal (LC) optical phased arrays [1] . Plasmonic devices to control divergence [6] and direction [7] of beams diffracted by small apertures have been recently proposed. In these schemes diffraction is limited by introducing a periodic arrangement of grooves or corrugations at the exit of an aperture milled in a metallic screen. The far-field directivity of the beam is improved by the grating, which excites a leaky surface plasmon with evanescent decay from the aperture [8] . Weak steering effects in this kind of structure can be induced either thermally or by modulating the operating frequency.
In this Letter we propose a beam-steering scheme in which we exploit the peculiar transmission properties of a metal grating having very thin slits to control the amplitude and the phase of a plane wave interacting with the grating. The beam quality and the number of resolvable spots depend mainly on the number of periods of the grating. Metal gratings with subwavelength slits show enhanced transmission for TM polarization under specific illumination conditions. All the extraordinary transmission (ET) regimes [9] of this structure are mediated by the TEM-like modes supported by the metal-insulatormetal waveguide formed by each slit. Wideband enhanced transmission occurs when Fabry-Perot resonances are excited in the slits, whereas narrowband transmission resonances are triggered by surface waves excited on the input/output surfaces at the high-energy edge of the plasmonic bandgap [10] .
While these two ET mechanisms are resonant phenomena involving the guided modes inside the slits or along the grating surface, an additional high-transmission regime akin to the Brewster angle effect that exists in ordinary, homogeneous dielectrics at oblique incidence is triggered for TM polarization. This condition occurs across a wide wavelength band when the transverse vacuum impedance matches the effective impedance of the slits' array [11] . For very narrow slits (much smaller than the grating periodicity) carved on a good conductor, i.e., metal at microwave/RF frequencies, impedance matching occurs at virtually grazing angles, while in metal gratings operating at optical frequencies or for gratings with larger slits, the impedance-matching angle may be smaller. Moreover, the transparency acceptance angle is fairly large, so that perturbations of the refractive index inside the slits do not significantly change the amplitude of the transmitted field. Instead, index changes induce the phase modulation required to steer the incident beam. Similar phenomena may be observed in metallic gratings with two-dimensional (2D) periodicity, provided that at least one waveguide mode is supported inside the slits.
We begin our analysis by considering the impedancematching problem in a freestanding, periodic silver grating with subwavelength slits. The periodicity p and the operational wavelength are chosen to excite only the zeroth-order diffraction. In particular, we choose p 300 nm, slit aperture size a 60 nm, and grating thickness w 1500 nm. In Fig. 1 we map the transmission, normalized with respect to the total flux incident on the grating surface, for TM-polarized light as a function of wavelength and incidence angle. In all our simulations, we use the dielectric permittivity of silver found in Palik [12] . Under these circumstances, the grating is far detuned from plasmonic bandgap or band edge effects, as well as any Wood's anomalies. The wide, nearly flat transmission resonances that appear in the angular domain are due to the Fabry-Perot resonances of modes propagating in the slits. Resonance peaks occur when λ FP 2wn g ∕m, where n g is the effective refractive index of the TEM-like plasmonic mode supported by the silverair-silver parallel plate waveguide and m is a positive integer.
The wideband, high-transmission region occurring for incidence angles between 70°and 80°coincides with the impedance-matching condition between the grating and the input medium (presently vacuum), and it is similar to the Brewster effect for TM polarization at the interface between two homogeneous dielectric media. Indeed, both analytical [13] [14] and effective-medium models [15] may be employed to predict the existence and the angular position of this impedance-matching regime. These predictions remain valid even if the metal were treated as a perfect electric conductor (PEC), with the simple assumption jε metal j ∞. For instance, the anisotropic effective-medium approximation described in [15] assigns the following effective parameters to the grating: ε y;eff 1∕f , μ z;eff f , ε x;eff ∞, where f a∕p is the grating's fill factor. The resulting effective impedance is given by η eff f η s f η 0 ∕n s , where η 0 is the vacuum impedance and n s is the refractive index of the medium that fills the slits. The effective index of the grating may then be expressed as n eff n s ∕f , and the effective thickness of the grating can be approximated by w eff w∕n eff . If the slit width and fill factor f are much smaller than the incident wavelength, the grating behaves as a high-index dielectric slab, causing the effective Brewster angle, θ B tan −1 n eff , to occur at large angles and to be much less responsive than usual to refractive index changes induced inside the slits.
This relative insensitivity is crucial for the beam-steering mechanism that we wish to implement, because the objective of this steering is to mimic a linear array of antennas radiating with different linearly modulated phases. For this reason we analyze the transmission properties of the grating at a fixed wavelength, λ 0 1250 nm and vary the incidence angle and the refractive index of the medium filling the slits. The result is shown in Fig. 2 , where it is clear that the impedance-matching condition is barely modified by the huge refractive index changes induced inside the slits. The dashed line in Fig. 2 is the effective Brewster angle calculated using the anisotropic effective-medium model, θ B tan −1 n eff . Even if this model were valid strictly for a PEC grating and for very small fill factors [15] , it nevertheless predicts well the angular position of the Brewster condition. We stress that a different operating wavelength shifts the Fabry-Perot resonances, leaving the angular position of the impedance-matching regime almost unaffected.
The slits may be filled with an index-tunable medium, i.e., ferroelectric, piezoelectric materials or LCs. Fig. 2 shows the transmission amplitude (blue dashed curve) and phase (red solid curve) are plotted for a fixed wavelength (1250 nm) and angle of incidence (80°), using typical index values of LCs in the range 1.4-1.6. This result confirms that the plasmonic grating acts like an optical phased array, imparting flat transmission amplitudes and linear phase shifts to the field.
In Fig. 3 we illustrate the analogy between a linear, RF phased-array antenna and the plasmonic, metallic grating that we propose to steer optical signals. In the RF device the direction of the main lobe is controlled mostly by the phase shift between adjacent radiating elements. To control directivity (or gain) of the array, one then modulates the field amplitude at each antenna. The metal grating acts as a linear array of antennas fed by a beam incident from the left side at an angle tuned within the impedancematching region. In this case each subwavelength aperture behaves as an isotropic antenna that radiates light on the right side of the grating. Thanks to the impedance-matching condition available in the hightransmission region, which is wide in both spectral and angular domains (see transmission map in Fig. 1 ), the distribution of the electromagnetic field amplitudes at the exit of each slit is a replica of the input beam profile unrelated to refractive index changes induced inside the slit. As a result, one achieves full control of the phase by electrically modulating the index of the active material in the slits (for instance, by infiltrating an LC inside the slits), while transmission amplitude at the exit of the slits is kept constant by the impedance-matching effect.
As in a uniform linear array of equally spaced antennas, the relation between the output steering angle θ out and the phase difference Δφ between adjacent slits is given by Δφ 2π∕λp sinθ out , where p is the pitch of the grating and λ is the wavelength of the input beam incident at the angle θ inc . This relation suggests that the maximum steering angle, given a fixed index change Δn i;i1 between adjacent slits will depend on the ability to accumulate large phase differences in the nanoslit waveguides. Because the phase difference between adjacent slits is Δφ 2π∕λwΔn i;i1 , either the grating thickness w or the index change Δn i;i1 may be used to control the maximum steering angle. Moreover, in a broadside array, the antenna gain can be generally expressed as G 2Np∕λ 2D∕λ, with N indicating the number of radiating elements and D the total length of the array; as a result, directivity, or beam divergence, may be improved by simply adding more slits to the grating.
We now illustrate the phenomenon in a metallic grating with thickness w 1500 nm, pitch size p 300 nm, slit width a 60 mn and N 100 slits. We assume that a TM-polarized collimated beam incident at θ inc 85°with a wavelength λ 0 1064 nm illuminates the grating. The slits are filled with an LC, and a linear voltage profile is applied along the grating so that at the first slit of the array, the applied voltage is zero, while the last slit sustains a voltage V . For simplicity we assume that in the LC a voltage modulation between 0 and a certain maximum voltage V max induces a linear refractive index change that goes from 0 inside the first slit to Δn max 0.9 inside the last slit. The relation between the voltage and the LCs' refractive index may be written as n LC n LC;0 Δn, where n LC and n LC;0 are the LC's refractive indices with and without the applied voltage V , and Δn V Δn max ∕ V max is the refractive index change induced by the voltage V . When the maximum voltage V max is applied to the grating, the index change in the slits goes from Δn 0 in the first slit to Δn Δn max in the Nth slit, hence the index change between adjacent slits is Δn i;i1 Δn max ∕N. In Fig. 4 we report the far-field evolution in the output region and the output angle of the beam, varying the index change between two adjacent slits from Δn i;i1 0.1∕N 0.001 to Δn i;i1 Δn max ∕N 0.009. The angle of regard, i.e., the maximum steering angle of the grating, is about θ max 15°, while beam divergence is Δθ out 2°. Beam directivity and the number of resolvable spots θ max ∕Δθ out can be easily improved by increasing the number of slits.
In conclusion, we have presented a theoretical investigation of the wideband beam-steering abilities of a plasmonic grating under ET conditions. The grating behaves as a uniform, linear antenna array fed by a lowdivergence beam incident at large angles. The phase profile is shaped by the metal-LC-metal, plasmonic waveguides carved in the metal film that does not compromise the ET effect. Although any practical application has to account for reduced transmission efficiency at large incident angles, the beam-steering operational principle remains unaltered for uniform and nonuniform illumination schemes. 
